A disaster in 1953 was the turning point in the Dutch policy on flood protection. The Delta Works, which followed this disaster, contributed significantly to the recent worldwide developments in hydraulic and coastal engineering. A brief overview is presented of some important items specifically related to closing barriers, closure techniques, erosion, scour, and protection. More detailed information can be found in the references.
Introduction
The Netherlands is situated on the delta of three of Europe's main rivers: the Rhine, the Meuse, and the Scheldt. As a result of this, the country has been able to develop into an important, densely populated nation. But living in the Netherlands is not without risks. Large parts of the Netherlands are below mean sea level and water levels, which may rise on the rivers Rhine and Meuse ( Fig. 1.1 ). High water levels due to storm surges on the North Sea or due to high discharges from the rivers are a serious threat to the low-lying part of the Netherlands. A total of about 3,000 km of primary flood protection structures protect areas that are vital for the existence of the Dutch nation. Flood protection measures have to provide sufficient safety to the large number of inhabitants and the ever-increasing investments in the Netherlands. Construction, management, and maintenance of flood protection structures are essential conditions for the population and further development of the country. History shows that flooding disasters nearly always resulted in actions to improve the situation by raising dikes or increasing the discharge capacity of the rivers. The disastrous flood of 1953 in the Netherlands marks the start of a national reinforcement of the flood protection structures. The recent river floods of 1993 and 1995 did accelerate the final stages of this reinforcement program. History also shows that neglect is the overture for the next flooding disaster. In an attempt to improve on this historical experience, the safety of the flood protection structures in the Netherlands will be assessed regularly. Maintaining the strength of the dikes at levels according to the legally prescribed safety standards is the main goal of this safety assessment.
History
To understand the historical development of the protection by dikes in the Netherlands, it is essential to know the aspect of the gradual land subsidence in combination with rise of the sea level with respect to the land and also the decreasing deposits of soil in the North Sea and the rivers ( Fig. 1.2 ).
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Mechanization and industrialization have led to improved drainage. Making use of these techniques, even land under water could be recovered (i.e., some lakes and Zuyder Sea). At the same time, however, the lowering of the ground level accelerated because of which the effects of possible flooding only increased. Strengthening flood defences was seen in the past as a means of effectively addressing this threat. In this way, from the middle of the 13th century until today, about 550,000 ha of land in total was reclaimed. However, during the course of centuries, much of the previously reclaimed land was lost by attack of the sea mainly due to storm surges, which many times caused destruction of the dikes. Another phenomenon was the occurrence of landslides along tidal channels (most dikes were situated on loose soils), thus causing disappearance of dikes. During high storm surges, the sea also eroded this land. Nevertheless, every time the spirit of the people to push back the sea succeeded. Most of the lost land was reclaimed again, despite the ever-occurring storm surges.
However, the continuous land subsidence and increased sea level rise have serious implications for the safety of the land protected by dikes, dunes, and other defence structures along the coast and the lower parts of the main rivers. Sea level rise increases the risks of overtopping and the ultimate collapse of these structures during storms.
The history of the Netherlands is marked by storm-surge disasters. The most recent disaster took place on February 1, 1953 when a northwesterly storm struck the south-western part of the Netherlands (Delta area). The storm-surge level reached 3 to 3.5 m above normal high water and exceeded design storm-surge levels by about 0.5 m at some places. Some dikes could not withstand these surging water levels, so that at several hundreds of places, the dikes were damaged and/or broken, over a total length of 190 km. Through nearly 90 breaches, 150,000 ha of polder land was inundated. This caused the death of 1,835 people and 100,000 persons had to be evacuated; moreover, a lot of livestock drowned and thousands of buildings were damaged or destroyed. This disaster gave a new impulse to improve the whole sea defence system in the Netherlands. The resulting Delta Plan included strengthening of the existing dikes and shortening the length of protection in the Delta area by closing off estuaries and a tidal river. Together with the Delta Works, the low-lying "polder land" of the Netherlands has reached already a relative high degree of safety against storm surges. 
Delta Works
To indicate the role and importance of Delta Works in proper context, it is necessary to keep in mind the vulnerability of the Netherlands to floods and the Dutch history concerning the battle against the sea. As mentioned before, over half of the Netherlands lies below sea level. Just how vulnerable the country is to flooding was demonstrated by storm-surge on the night of February 1, 1953 . The results were catastrophic as many dikes were breached. Flooding caused by storm surges was nothing new to the Netherlands, but this time the nation was stunned by the extent of a disaster unparalleled for centuries. It was the Netherlands' worst disaster in 300 years. The hardest hit areas were the province of Zeeland, the southern part of South Holland and the western part of North Brabant. The bewilderment and shock felt by people in the rest of the Netherlands when they learnt of the extent of the flooding soon gave way to determination, and great efforts were made to reseal the breached dikes. The last breach, near Ouwerkerk on Schouwen-Duiveland, was resealed at the beginning of November 1953.
Rarely have the people of the Netherlands been as united as when they decided that such a catastrophe should never happen again. We may say that Disaster 1953 was a turning point in Dutch approach to flood protection and flood management. The outcome of this determination was the Delta Project.
The Delta Project
On February 21, 1953, the Delta Commission was created, headed by the director-general of the Department of Waterways and Public Works. Its aim was to draw up a plan to achieve the following two goals:
1. Drain the areas that are flooded regularly because of high water levels and protect them from water. 2. Protect the land from getting brackish.
The body of measures proposed by this committee forms the Delta Plan. The aim of the Plan was to enhance safety by radically reducing the length of and reinforcing the coastline. These measures are laid down in the Delta Act of 1958.
The Delta Plan Project's principal goal was to improve the safety of the southwest Netherlands by considerably shortening and reinforcing the coastline. It was decided that dams should be constructed across inlets and estuaries, considerably reducing the possibility of the sea surging into the land again. Freshwater lakes would be formed behind them. Roads along the dams would improve access to the islands of Zeeland and South Holland.
Dams could not be constructed across the New Waterway or the Western Scheldt, as these important shipping routes to the seaports of Rotterdam and Antwerp had to be kept open. The safety of these areas was to be guaranteed by substantially reinforcing the dikes.
The Delta Project is one of the largest hydraulic engineering projects that has ever been carried out anywhere in the world. New hydraulic engineering techniques were gradually developed for the construction of 11 dams and barriers of various sizes, which were built over a period of 30 years.
In the early 1970s, preserving as much of the natural environment as possible was increasingly realized by people and this point of view has left its mark on the Delta Project. As a result, the original plans were changed (see Sec. 1.3.2).
The Delta Project was likely carried out in a random order. Work began on the relatively simpler parts, so that the experience gained could be used during the construction of larger, more difficult dams across inlets and estuaries with strong tidal currents. That was how the Delta Works progressed: new hydraulic engineering techniques were first applied on a small scale and then used in the larger, more complicated, projects. In this way, learning as much as possible during the construction process was possible. Also, when determining the order of execution of projects, the materials and manpower available were taken into account. On the basis of these considerations, it was decided to carry out the works in the following order (date of completion) ( Fig. 1.3 ).
The Eastern Scheldt (Oosterschelde)
While the Haringvliet dam and the Brouwers dam were nearing completion (1971), preparations had already begun for the construction of the dam across the mouth of the Eastern Scheldt, the last, largest and also most complex part of the Delta Project. Three islands were constructed: Roggenplaat, Neeltje Jans, and Noordland. A pumped sand dam was built between the latter two. In the remaining channels, the first steel towers were built for the cableway, as it was planned to dam the Eastern Scheldt using this well-tried method. Its completion date was set for 1978.
At the end of the 1960s, however, protests were voiced about the project. Scientists became aware of the special significance of the flora and fauna in and around the Eastern Scheldt. The sandbars and mud flats exposed at low tide are important feeding grounds for birds, and the estuary is a nursery for fish from the North Sea. Fishermen and action groups made sure that the scientific findings were heard by the Dutch government and Parliament. A heated debate flared up. Opponents of the dam believed that the safety of the region could be guaranteed by raising the height of the dikes along the Eastern Scheldt. The inlet would then remain open and saline. The supporters of the solid dam, for example agricultural and water boards, appealed to the emotions of the Zeelanders, asking whether the consequences of the flood disaster of 1953 had already been forgotten. Fig. 1.3 . The delta plan.
The Storm-Surge Barrier
Finally, a compromise was reached in 1976: a storm-surge barrier, which would stay open under normal conditions but which could be closed in case of very high tides ( Fig. 1.4 ), was to be constructed. However, building a storm-surge barrier needed expertise that was yet to be developed and experience that had yet to be gained. Extensive research was carried out to determine the feasibility of building the storm-surge barrier, taking into full account the interests of environment, flood protection, and the fishing and shipping industries.
The actual construction of the storm-surge barrier also had to be thoroughly studied. The solution was a barrier consisting of pre-fabricated concrete and steel components that were assembled in the three channels at the mouth of Eastern Scheldt. Sixty-five colossal concrete piers formed the barrier's backbone. A stone sill and a concrete sill beam were placed between each of the piers, and the openings could be closed with steel gates. Concrete box girders were placed on top of the piers to form a road deck ( Fig. 1.5 ).
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The seabed also needed special consideration. A new technique was required to prevent the strong current in the mouth of the river from washing away the sand on which the piers were to stand. The solution was to place the piers on mattresses filled with graded layers of sand and gravel that would allow the water to flow through but trap the sand.
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The construction of the storm-surge barrier also required the development of special equipment. The Mytilus made its appearance in the estuary to compact the seabed, followed by the Jan Heijmans, which laid asphalt and dumped stones, the Cardium to position the mattresses, the Ostrea to lift, transport and position the piers and the mooring and cleaning pontoon Macoma. These are very special ships designed for just one purpose: to construct the storm-surge barrier. New measuring instruments and computer programs were also developed so that engineers working 30 to 40 m below the surface could position components with such precision that the maximum error would be just a few centimeters.
The Cardium laid the first mattress in November 1982 and the Ostrea placed the first pier in August 1983. Work progressed quickly. There were virtually no technical setbacks; only the cost turned out to be higher than expected. The storm-surge barrier was 30% more expensive than estimated. On October 4, 1986, Her Majesty Queen Beatrix officially opened the stormsurge barrier. The Eastern Scheldt has remained open and also flood protection has been achieved. On average, the barrier has to be closed once a year because of storms.
Eastern scheldt project
The Eastern Scheldt Project comprises more than the construction of a storm-surge barrier in the mouth of the estuary. In the eastern part of Markiezaatskade, Oesterdam and the Philipsdam have been constructed along with shipping locks to create a tide-free navigation way between Rotterdam and Antwerp. The Zoommeer forms a fresh water lake behind these dams. To prevent the salty Eastern Scheldt water from mixing with the fresh Zoommeer water, the locks are fitted with a special freshwatersaltwater separation system. From the Zoommeer, a discharge channel carries freshwater into the Western Scheldt. The Eastern Scheldt Project also involved far-reaching adaptations of the South Beveland canal.
The storm-surge barrier in the Eastern Scheldt has been commissioned by Rijkswaterstaat (Public Works Department), and was built by the Oosterschelde Stormvloedkering Bouwcombinatie (Dosbouw/Ostem), a joint venture by a number of contractors.
The detailed description of Eastern Scheldt Barrier can be found in Design Plan Oosterschelde (1994) . 2 The total design documentation consists of five books. This book is a translation of Book 1: Total design and design philosophy. The other books are only available in Dutch. More general findings obtained from Delta Works are summarized in Closure of Tidal Basins. 4 Both books are based on the experiences of a great number of engineers and other professionals involved in this large project. In the course of the project, a wealth of knowledge and experience has been acquired. These books have been written to make this knowledge available for future use. These experiences are also partly included in the recent Rock Manual (2007). 
Significance of the delta works
Besides shortening the total length of the dikes by 700 km, the Delta Works had many other advantages. First, the agricultural freshwater supply was improved. Because the border between freshwater and saltwater was moved further west, less freshwater was required to balance the freshwatersaltwater division. The excess water could be transported to the north of the Netherlands, in the direction of the Ijsselmeer (Ijssel lake), where extra freshwater was welcomed to improve the water conditions. Second, the complete water balance of the Delta area was improved. Thanks to the construction of the major and auxiliary dams, the streams in this area were able to be manipulated more easily. Different types of sluices made it possible to allow freshwater in, or polluted or excess water out. Third, the construction of the Delta Works encouraged traffic between the many islands and peninsulas. Large parts of the province of Zeeland had literally been isolated for centuries. The building of the Zeeland Bridge together with a tunnel under the Westerschelde (2003) also helped increase mobility. Fourth, the inland waterways shipping was supported by the Delta Works. In 1976, Belgium and the Netherlands signed a contract to regulate shipping between the ports of Antwerp and Rotterdam. Obviously, this agreement had to be taken into account when building the Delta Works. It was realized by construction of compartment dams and navigation locks. Lastly, the Delta Works have influenced new developments in the areas of nature and recreation. Understandably, a number of nature reserves were irreparably damaged, but as a compensation, new nature reserves have emerged at different sites. Nowadays, dry shores are sometimes used as recreational areas. Whether or not nature has benefited from the Delta Works will remain an unsolved debate. However, there is no doubt on the need for durable water management, in which safety, prosperity and nature are taken into account. The past decisions were supported by policy studies.
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Other developments: In addition to the construction of new dams and barriers, at several places, existing dams had to be heightened. This was especially required in the western parts of the islands (Walcheren, Schouwen, and Goerree) and along the waterway of Rotterdam and the Western Scheldt. The dikes needed reinforcement because they were not directly protected by large works. It is a common misconception that the Delta Works were only built to replace dikes. In most of the cases, building a delta work was much quicker and cheaper than reinforcing existing dikes. Since the building and strengthening of dikes are time-consuming and expensive, two other Delta Works were built to the west of Rotterdam at the end of the 20th century. The movable barrier, called the "Maeslant Barrier," can close off the New Waterway when water levels are threatening the dikes in the environment. The second, smaller one, "Hartel Barrier," was constructed in the Europort area.
Due to the recent climate change and the rise in sea level, high water levels are more likely to occur near the coasts of Zeeland and Holland. The number of people who live in the polders, several meters below sea level, has actually increased since the flood of 1953. The general consensus among scientists is that the reinforcement of dikes and the construction of dams and barriers are in no way the final answer in the battle against the sea.
Maeslant barrier: New storm-surge barrier at Rotterdam
The barrier in the New Waterway to Rotterdam, situated close to the sea entrance at Hoek van Holland, was one of the last construction parts of the Delta Plan. To provide a better financial control of the project, it was decided to construct the storm-surge barrier following the basic principles of the market mechanism philosophy. As a result, a "design-and-construct contract" was issued as a tender according to European rules. 7 Initially six contractor consortia applied for the tender. The Rijkswaterstaat (Public Works Department) prepared the technical requirements for selecting the winner. The most important requirement for the design was that the barrier should not hinder shipping. The barrier should only be closed under exceptional circumstances -no more than once or twice every 10 years.
Based on these criteria, the sector gate and the segment door were chosen for further competition. In the final phase of the competition, the two consortia performed hydraulic model testing on their designs at the Delft Hydraulics Laboratory to eliminate all the remaining uncertainties. After a technical evaluation, the Rijkswaterstaat finally selected the Bouwkombinatie Maeslant Kering (BMK) sector gate on the basis of costs. The main technical reason for selecting the BMK design was its simplicity of the technical concept. Moreover, the structure is easy to maintain, mainly in dry conditions with only limited parts remaining under water.
The BMK Barrier consists of two hollow semi-circular gates attached by means of steel arms to a pivotal point on both banks ( Fig. 1.6 ). The sector gates (wings), each 237 m in length and 20 m high, are a prominent visual part of the storm-surge barrier. Their function is to transmit directly to the ball-joint the loads exerted on the retaining walls in the closure process. During closure, the gates will ride up and by approximately 40 cm into a chamber, levelling out again when the load eases. The construction was completed in the period 1991-1997. Some details and simulations can be found in the website http://www.keringhuis.nl/engels/ maeslantkering/index.html.
The decision to construct a storm-surge barrier in the New Waterway also necessitated a barrier in the Europort area. Otherwise, when the New Waterway Storm Surge Barrier is closed, too much seawater can flow in through the Europort area threatening the safety of South Holland. Therefore, the second, smaller barrier, called "Hartel Barrier," was constructed in the arm of the Old Maas in the Europort area. The movable barrier consists of large elliptical gates suspended between oval towers (see also http://www.keringhuis.nl/engels/maeslantkering/index.html).
The New Waterway Storm Surge Barrier (Maeslant Barrier, Fig. 1 .6), a limited dike-strengthening program and the Hartel Barrier completed the Delta Project in 1997, thus protecting South Holland against high water.
Contribution Delta Works to Developments in Hydraulic and Coastal Engineering
The Netherlands has long and varied experience of hydraulic engineering, and particularly of constructing dikes, digging canals, draining polders, and building locks, bridges, tunnels, and ports. That experience is also put to use not only in the offshore industries -in the construction of production platforms, but also in foreign projects in South Korea, Bangladesh, Bahrain, and others, for example. Working in and with water has given the Dutch a worldwide reputation, and the Zuyder Zee project, which not only protected large areas of the country from flooding but also provided about 160,000 ha of new land, and the Delta project, which is also to protect the Netherlands from the ravages of the sea, are outstanding examples of their expertise in this field. The impact of the Delta Works is manifested in a number of transitions in hydraulic engineering approaches, for example, from deterministic into probabilistic approach, from traditional to innovative techniques and materials, etc. At present, it is difficult to recognize the origin of present-day working methods. Nevertheless an attempt has been made to list at least some of the achievements including Some elements of these developments and expertise will be briefly highlighted below. More information can be found in the references.
Design Methodology and Innovative Execution
The Delta Project was a challenge to Dutch hydraulic engineers. It was evident that past experience and existing techniques would not be sufficient to construct dams across the wide and deep tidal channels. The tidal range in the Delta is approximately 3 m and the water flows in and out twice a day with powerful currents shifting enormous quantities of sand. Weather conditions in the estuaries were often unfavorable and North Sea storms produced powerful waves. New techniques had to be developed quickly so that the Delta Project could be carried out.
The towering caissons were adapted and improved. Man-made fibers (geosynthetics) were used for the first time to protect the seabed and to clad the dikes. The traditional seabed protection method, which involved covering the seabed with large mats made of willow wood and weighted with stone, was gradually replaced.
Changes took place step by step. It was decided to implement the Delta Project by working from small to large so that technological progress would keep pace with the growth in experience.
Pre-fabrication became a common technique and in addition to new materials, new equipment was also very valuable. Sluice caissons were developed. A cableway with gondolas was developed to tip stone into the channels.
Hydrodynamic study techniques were refined by developing laboratory tests. The computer gradually made its entry into the process. Measuring techniques and weather forecasts became more accurate. The Delta Project took about 25 years to complete. This marked the beginning of a new age for hydraulic engineering also in an international context. Design, management, and maintenance of hydraulic structures and flood protection systems are of great importance. The probabilistic design technique is suitable for this task. This technique gives a clear view of the weak points of a structure and the various ways in which it can be optimised. Because of complexity of Eastern Scheldt project, the probabilistic approach has been applied on a large scale.
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Probabilistic approach: Probabilistic methods were introduced in the design of the storm-surge barrier mainly for two reasons.
3 After the Disaster 1953, the Delta Committee stipulated that primary sea-retaining structures had to provide full protection against storm-surge levels with an excess frequency of 2.5 × 10 −4 times per year. In case of conventional defences, such as dikes, an extreme water level (combined with a maximum extrapolated single wave) may be used as a design criterion, because overtopping is considered to be the most important threat to dikes. However, this approach was unsuitable for a storm-surge barrier.
The structure consists of various components (concrete piers, steel gates, a sill, a bed protection, and a foundation), which have to be designed on different load combinations providing most dangerous threat to the structural stability. The probability density function of the load was derived by integrating the multidimensional probability density function of wave spectra, storm-surge levels and basin levels using the transfer function of the structure. To ensure consistent safety throughout the structure, probabilistic analyses taking into account the stochastic character of the loads and the structural resistance are performed for the main components. To assess the safety of the barrier as a sea defence system, a risk analysis was performed using the fault tree technique (Fig. 1.7 ). More information on this approach can be found in Refs. 2 and 3.
The application of probabilistic approach in the design of stormsurge barrier in Eastern Scheldt was a starting point of introducing this technique in other fields of hydraulic and coastal engineering in the Netherlands and elsewhere. Probabilistic approach and risk analysis are actually standard items included in civil engineering education (refer to http://www.hydraulicengineering.tudelft.nl).
Failure modes:
The probabilistic approach gives the probability of failure of a (elements of a) structure and takes into account the stochastic character of the input variables. This is in contrast to a deterministic design method, which is based on fixed values, for example, mean or extreme values. Studies have been performed using a failure mechanism based on the stability and displacement of structural elements and protection materials.
A focal point in the feasibility study was whether or not the subsoil would be able to deliver the necessary counteracting forces against storm surge. Together with specialists from several countries, the Delft Soil Mechanics Laboratory completed a series of laboratory tests to assess subsoil characteristics. In addition, a full-scale test was conducted outdoors to study the behavior of a caisson subjected to cyclic loading. New computation techniques were developed to predict the behavior of the subsoil under design conditions. Delft Hydraulics Laboratory was given the task of predicting design loads on the barrier due to tides, storm surges, and waves. Model experiments were performed in the wind-wave facilities of the laboratory using small-scale models of the proposed structures, which were subjected to random seas.
Verification of design:
Not all hydraulic or coastal structures or their components are understood completely; moreover, the existing design techniques represent only a certain schematization of reality. Therefore for a number of structures and/or applications, the verification of design by more sophisticated techniques are still be needed.
Delta Works were an excellent example for the application of large-scale verification. A large number of prototype tests were executed for verification of small-scale results and validation some design assumptions. Examples of this approach were tests on caissons, prototype scour tests, tests of bank protection systems, etc., but also analyses of failures from prototype.
While certain aspects, particularly in the hydraulic field, can be relatively accurately predicted, the effect of the subsequent forces on the structure (including transfer functions into sub-layers and subsoil) cannot be represented with confidence in a mathematical form for all possible configurations and systems. Essentially this means that the designer must make provisions for perceived failure mechanisms either by empirical rules or from past experience. However, using this approach, it is likely that the design will be conservative. In general, coastal structures (i.e., dikes, revetments, sea walls, etc.) are extended linear structures representing a high level of investment. The financial constraints on a project can be so severe that they may restrict the factors of safety arising from an empirical design. It is therefore essential from both the aspects of economy and structural integrity that the overall design of a structure should be subject to verification. Verification can take several forms: physical modeling, full-scale prototype testing, lessons from past failures, etc.
Engineers are continually required to demonstrate value for money. Verification of a design is often expensive. However, taken as a percentage of the total costs, the cost is in fact very small and can lead to considerable long-term savings in view of the uncertainties that exist in the design of hydraulic and coastal structures. The client should therefore always be informed about the limitations of the design process and the need for verification in order to achieve the optimum design.
Closure Techniques: Sand Closures
A large number of closure techniques were applied in the scope of Delta Works ( Fig. 1.8) .
More information hereabout can be found in "Closure Tidal Basins" 4 and in Refs. 4, 5, 9. Only sand closures will be discussed more in detail.
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Sand closures: One of the latest developments in the closure techniques for tidal gaps is using sand as the only building material for closure. The sand closure is carried out by supplying sand either by dumping from the boat or by a pipeline that takes a water-sediment suspension to the head of the dam. The suspension runs off over the fill, where the sand deposits due to decelerating water velocities and the dam is built this way. Due to narrowing of the closure gap, which causes increasing velocities, and due to the fact that a part of the sediment supplied by the pipe will reach the closure gap in suspension, loss of some amount of sand is inevitable. The material (sand) should have either sufficient weight (diameter) to resist erosion or be supplied in such large quantities that the main portion is not carried away by the current. In 1960s, a number of tidal channels in the Netherlands, and some in Germany and Venezuela, were closed successfully by pumping sand in the gap. The experience was restricted to the gaps with the maximum current velocities in the final closure stage not higher than 3 m/s.
Until 1982 in all cases the dredger (= pumping) capacities that were needed were estimated by the semi-empirical method as described in Ref. 4 . The new developments with larger gaps, higher velocities, and new calculation and execution techniques are described in the Manual on Sand Closures. 10 Before calculations of the dredger capacity and sand loss start, some assumptions have to be made on the dimension of the closure dam ( Fig. 1.9) .
The crest elevation of the closure dam (temporary function) depends on astronomical tide and wind set-up (usually a recurrence interval of 5-10 years is taken) and the run-up. The crest width depends on the number of pipes and the working space needed for bulldozers on the fill. The pipes will be used in pairs: one for production while the other can be lengthened by connecting a new pipe section (B ∼ 20 m for one pair of pipes). The slopes of the dam in the tidal range vary from 1:30 to 1:50, depending on the wave action. The slopes under low-water are in the order of 1:10 to 1:20. The side-slopes of the dam are mostly created by bulldozers and can be taken to be equal to 1:5. In order to reduce the sand loss in the final stage of the closure, the remaining gap should be situated in a shallow part of the channel. This is due to the fact that less sand should be brought in to make the same progress as in the case of a deeper gap.
A distinction is made between gross and net loss of sand. The gross loss is the sand that deposits outside of the closure dam profile but inside the final dam profile and is of importance for the time involved in the closure operation. The net loss is the sand that is taken beyond the profile of the final dam and will determine the actual loss. However, in the standard calculation method, no distinction is made between these two kinds of loss and only the total loss is calculated (Fig. 1.10) .
The duration (and cost) of the operation depends further on the location and the available diameter of sand where the sand for the dam is dredged. Travel distance should be kept as short as possible. The increasing grain size will diminish the losses and thus will influence the success of the operation in a positive way. Success also depends on the working method, the layout of the pipelines, the sand-water ratio of the spoil and the effective working time of the dredgers. In the final gap, bulldozers and draglines operate on the fill to control the sand deposition above the water level ( Fig. 1.11) . However, this very important influence of the working method on the total 
Scour and Bottom Protection
Scour is a natural phenomenon caused by the flow of water in rivers and streams. Scour occurs naturally as part of the morphological changes of rivers and as result of man-made structures. Scour prediction and bed protection during closure operations are essential aspects to be considered during design and execution ( Fig. 1.12) .
In case of Eastern Scheldt Barrier, to protect the seabed from erosion caused by the increased speed of the currents, a 500-600-m wide area on either side of the barrier had to be covered. Had this not been done, the channels might have eroded to such an extent that the barrier would be endangered. The protection consists of concrete weighted erosion mats, aprons of stone-filled asphalt and stone-weighted mastic asphalt slabs. Highly advanced techniques were developed especially for this operation. The concrete-weighted erosion mats, manufactured in the factory at the Sophia harbor later used to make the block mattresses, were laid by a special vessel. The asphalting operations were carried out by the Jan Heijmans, which has later been converted into a gravel/stone dumper to be used for filling in the space between the foundation filter mattresses.
Scour and flow slides:
Generally the scour process can be split up into different time phases. In the beginning, the development of scour is very fast, and eventually an equilibrium will be reached. During closing operations of dams in estuaries or rivers, which take place within a limited time, equilibrium will not be attained. Not only during the construction, but also in the equilibrium phase, it is vital to know both the development of scour as function of time and whether the foundation of the hydraulic structure is undermined progressively.
Experience has shown that due to shear failures or flow slides or smallscale shear failures at the end of the bed protection, the scour process can progressively damage the bed protection, leading eventually to the failure of the hydraulic structure for which the bed protection was meant.
In the scope of the Dutch Delta Works, a systematic investigation of time scale for two-and three-dimensional local scour in loose sediments was conducted by Delft Hydraulics and "Rijkswaterstaat" (Department of Transport and Public Works). 4 From model experiments on different scale and bed materials, relations were derived between time scale and scales for velocity, flow depth, and material density. 11, 12 In addition, empirical relations were found in order to predict the steepness of the upstream scour slope.
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Besides the systematic investigation, design criteria for the length of the bed protection were deduced, which were based on many hundreds of shear failures and flow slides that had occurred along the coastline of estuaries in the south-western part of the Netherlands. Verification with prototype data: Within the scope of research activities with respect to scour behind the storm-surge barrier and compartment dams in Eastern Scheldt, some field experiments were carried out. 13 For this purpose, the sluice in the Brouwersdam was chosen, which was built to refresh the brackish water in the Grevelingen Lake for environmental reasons. A 5.4-m high sill was constructed at the lake side of the sluice with two side constrictions equal to 2.5 m on the left side and 1.5 m on the right side. The flow depth was about 10 m and the length of the bed protection from the toe of the sill measured about 60 m. The effective roughness of the bed protection is estimated to be 0.4 m. The experiments were executed to study the influence of clay layers to scour and to verify scour relations obtained from scale models. 13−15 The agreement between the model and the experiment was very satisfactory except for the stability of the upstream scour surface. In general, the prediction of upstream slope of scour hole is still a weak point and needs further investigation (see also http://www.wldelft.nl/rnd/publ/docs/Pub242.pdf).
The Dutch efforts to gain further knowledge of scour were completed in a PhD thesis by G. Hoffmans 14 and finally compiled in the Scour Manual. 
Stability of Cover Layers
A large number of various sloping structures were realized in the scope of Delta Works. Such structures as abutments of barriers, jetties, compartment dams, navigation channels, and some dikes needed a proper slope protection. However, the inventory studies at the end of 1970s indicated a lack of proper design criteria for revetments. Therefore, a number of basic studies were initiated for this purpose. The results of these studies were later transformed and translated into more general design standards, which often became the international standard.
Rubble structures and riprap
All the older designs were mostly based on (simplified) formula of Hudson dating back to 1950s, which gained its popularity due to its simplicity and the stature of US Army Corps. However, the problems with using this formula started in 1970s with introduction of random waves and the necessity of transformation of regular waves into irregular waves. In 1980s, the number of testing facilities and test results with random waves became so large that the necessity of new design formulas became evident. The new research in 1980s provided an enhanced understanding of failure mechanisms and development of more sophisticated new formulae on stability and rocking of rubble mound structures and artificial armour units.
17−20
In the early 1980s, Rijkswaterstaat had commissioned to the Delft Hydraulics a systematic research on static and dynamic stability of granular materials (rock and gravel) under wave attack. This program was successfully completed under direct guidance by Van der Meer in 1988.
17 Formulae developed by Van der Meer by fitting to model test data, with some later modifications, became the standard international design formulations.
5,21
The work of Van der Meer is now generally applied by designers and it has considerably reduced (but not eliminated) the need to perform model experiments during the design process. We always have to remember that each formula represents only a certain schematization of reality. Moreover, as far as these formulas are based on experiments and not based on a complete physical understanding and mathematical formulations of processes involved, each geometrical change in the design may lead to deviation in the design results and a need for model investigation. Another advantage of the Van der Meer formulae over the formula of Hudson is the fact that the statistical reliability of the expression is given, which enables the designer to make a probabilistic analysis of the behavior of the design.
Following the same philosophy, Van der Meer and others have modified and extended the formulae for the stability of rock to many other aspects of breakwater design such as stability of some artificial units, toe stability, overtopping and wave transmission. What has been proposed for slopes under wave attack is also largely valid for slopes and bottom protection under currents.
The designer has a number of black box design tools available, 5,21 but the understanding of the contents of the black box is far from complete.
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Specifically when these black box design formulae are used in expert systems, one may in the end be confronted with serious mistakes. The designer still must be properly trained in the shortcomings and limitations of the black box formula.
Block revetments
Placed block revetments are very popular in the Netherlands because of no one source of rock. However, till early 1970s, there were no proper design methods for these revetments; the design was mainly based on experience. That was the reason for new research with the aim to provide proper design criteria for dams and dikes within the Delta Project and, on a long-term, create more physical understanding and quantification of physical processes in block revetments.
23,24
Wave attack on revetments will lead to a complex flow over and through the revetment structure (filter and cover layer), which are quantified in analytical and numerical models. 25−27 The stability of revetments with a granular and/or geotextile filter (pitched stones/blocks, block mats, and concrete mattresses) is highly influenced by the permeability of the entire revetment system. The high uplift pressures, induced by wave action, can only be relieved through the joints in the revetment (Fig. 1.13) . The permeability of the revetment system is a decisive factor determining its stability, especially under wave attack, and also it has an important influence on the stability of the subsoil.
The usual requirement that the permeability of the cover layer should be larger than that of the under layers cannot usually be met in the case of a closed block revetment. The low permeable cover layer introduces uplift pressures during a wave attack. In this case, the permeability ratio of the cover layer and the filter, represented in the so-called leakage length, is found to be the most important structural parameter, determining the uplift pressure. The effect of the leakage length on the stability of semi-permeable revetments is described in The Design Manual. 
Filters
A filter, one of the most common elements in civil engineering practice, plays an important role in the total stability of hydraulic structures.
4,28,29
That was also the case in Delta Works. However, in case of breakwaters, offshore platforms, and closing barriers, the designer must take into account the cyclic hydraulic lading due to waves. In the design of the foundation of the Eastern Scheldt Barrier, the combined effect of high static pressure head (when closed) and high waves (causing a strong cyclic flow in the foundation) was defined as a representative loading for filters (Figs. 1.12 and  1.13) . The classical filter rules were not sufficient for this design. Because the design rules for semi-stationary and cyclic loading were not available at that time, it was decided to perform a systematic research at Delft Hydraulics and Delft Geotechnics on filter design under various loading conditions, and with hydraulic gradients acting parallel and vertically to the bed 4,28 (see also http://www.wldelft.nl/rnd/publ/docs/Pub287.pdf). For foundation of the piers, where the highest load is acting, for safety reasons, it was decided to apply special designed and pre-fabricated filter mats. These mats consisted of a filter construction of three graded layers (sand + fine gravel + gravel) separated from each other by permeable geotextile ( Fig. 1.14) . The filter mats were assembled on shore and then wound on to a gigantic cylinder floating in front of a plant. The filter mats were placed on the sea bed in water (depth up to 35 m) by the specially built vessel Cardium. This vessel was also equipped with a dust pan suction nozzle to dredge and level off the sea bed to the correct depth.
2
The research on revetments has proved that the stability of a revetment is dependent on the composition and permeability of the whole system of the cover layer ( Fig. 1.13) . Formule have been derived to determine the permeability of a cover layer and filters, including a geotextile. Also, stability criteria for granular and geotextile filters were developed based on the load-strength principle, allowing application of geometrically open filters, and thus allowing optimization of composition and permeability of revetments. It is obvious that only a certain force exceeding a critical value can initiate the movement of a certain grain in a structure. This also means that applying geometrically closed rules for filters often may lead to unnecessary conservatism in the design and/or limitation in optimization freedom. Also, it often results in execution problems especially when strict closed filter (with many layers) has to be executed under water under unstable weather conditions. 4, 29, 30 In the scope of these studies, the internal strength of subsoil has also been studied in terms of critical hydraulic gradients. It was recognized that to reduce the acting gradients below the critical ones, a certain thickness of the total revetment is needed. This has resulted in additional design criteria on the required total thickness of revetment to avoid the instability of the subsoil. This also means that granular filter cannot always be replaced by geotextile only. For high wave attack (usually, wave height larger than 0.5 m or high turbulence of flow), the geotextile functioning as a filter must be often accompanied by a certain thickness of the granular cushion layer for damping hydraulic gradients. All these design criteria can be found in Refs. 26, 29, 30 .
The main problem in extension of these achievements to other applications (other revetments, filter structures, bottom protection, breakwaters, etc.) is the lack of calculation methods on internal loads (i.e., hydraulic gradients) for different structural geometries and compositions. Also the geometrically open filter criteria need further development. Research in these fields is still needed and will result in more reliable and cost-effective designs.
Navigation Channels and Bank Protection
In 1970s, it was decided to build a navigation channel (known as ScheldeRhein connection) as a connection between Rotterdam and Antwerp. Such a large project required proper information for design.
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The water motion induced by ships can often lead to the erosion of the bank protection of ship canals. The problem becomes more serious nowadays because of recent developments in inland shipping involving the increasing engine power of the vessels and the introduction of push-tow units on smaller canals. A systematic fundamental research program on ship-induced water motion and the related bank protection design has resulted in design guidelines based on small-scale hydraulic models. Smallscale tests however only yield limited information. Therefore, it was decided to carry out two series of full-scale measurements in Hartel Canal to verify the results of the model tests (1981, 1983) (Fig. 1.15 ). In addition, the influence of the subsoil on the stability of bank protection, which generally cannot be studied in small-scale models, was studied at full scale. 31 The results are also implemented in PIANC report. 
Freshwater-Saltwater Separation Systems
During the execution of the Delta project, the awareness of the environmental values of estuaries was growing strongly. This awareness has led to a reconsideration of the original proposal to close off the Eastern Scheldt (Oosterschelde) and to an alternative view of the management of the estuarine areas and of the civil engineering structures. Now, the completed storm-surge barrier and two compartmentization dams, together with the reinforced dikes, guarantee sufficient safety against flooding. Also various civil engineering structures have been built for water management purposes, which make it possible to influence the quantity and quality of water in the compartments.
Freshwater-saltwater exchange occurs at all ship locks in tidal areas. This might be for various unwanted reasons; it reduces the economic value of water for irrigation and industrial purposes and ecologic damage can also occur. To prevent or to reduce this exchange, several options can be considered.
33 Some of these were also applied in the Eastern Scheldt Project.
The Eastern Scheldt (Oosterschelde) Project comprises more than the construction of a storm-surge barrier in the mouth of the estuary. In the eastern part, Oester and the Philips dams have been constructed (in 1987) along with shipping locks to provide tidal-free inland navigation way between Rotterdam and Antwerp. The enclosed area behind the compartment dams is called Volkerak or more general Zoommeer. As mentioned earlier, Oester and Philips dams were constructed using sand and are the largest sand dams in the world to have been constructed in flowing water.
To prevent the salty Oosterschelde water from mixing with the fresh Zoommeer water, locks are fitted with a special freshwater-saltwater A sophisticated saltwater-freshwater separation system has been built into the Krammer lock complex (in Philips dam) to prevent the freshwater of the lake from mixing with the salt water of the Eastern Scheldt, and conversely to prevent dilution of the Eastern Scheldt with freshwater.
33,34
Two locks were built for commercial shipping and are suitable for fourbarge push-tows. Separate locks were built for pleasure craft. The system works on the principle that saltwater is denser than freshwater ( Fig. 1.16 ). During the lockage of ships to the Zoommeer, the saltwater is replaced with freshwater, and the procedure is reversed for ships travelling in the opposite direction. The saltwater is drained through perforations in the chambers while the freshwater is allowed through slots in the wall located near the water surface. As mentioned, the system can also be operated in the reverse order. The design of this system was supported by very extensive and systematic research using detailed overview of hydraulic models and numerical calculations at Delft Hydraulics.
A similar system has also been used in the Kreekrak locks to prevent the brackish and polluted water from the industrial area around Antwerp from entering into Zoommeer. The originally planned lift lock in the Oesterdam was finally replaced by a conventional lock. The saltwaterfreshwater exchange quantities at this location are rather small. More information can be found in Refs. 33-35.
Materials and Systems
In the Netherlands, due to the lack of natural rock resources, the application of waste materials and geotextiles in civil engineering has a long tradition.
The large-scale application of these alternative materials started during execution of Delta Works.
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The cost of production and transportation of materials required for hydraulic and coastal structures is an important consideration when selecting a particular design solution. Thus it is important to establish the availability and quality of materials for a particular site at an early stage when considering design options. Using the available tools and models, the civil structure can be designed to perform the functional requirements. An additional problem is that these functions may change with time in service because of material degradation processes. Therefore, the designer's skill must also encompass consideration of durability and degradation processes. Degradation models for materials and structures should be developed so that the whole-life consequences may be considered at the design stage itself.
Waste and industrial by-products as alternative materials
Domestic and industrial wastes and industrial by-products form a still growing problem especially in highly industrialized countries or highly populated regions. A careful policy on application of these materials in civil engineering may (partly) help to reduce this problem. Current European policies aim to increase the use of waste materials of all kinds and to find economic, satisfactory, and safe means of their disposal. The use of waste materials in hydraulic and coastal structures is limited by their particle size distribution, mechanical, and chemical stabilities and the need to avoid materials that present an actual or potential toxic hazard.
5,36
The extensive research on properties of waste materials helps us in proper selection of disposal methods depending on environmental requirements. Waste materials such as silex, quarry wastes, dredging sludge (depending on the source/location), and many minestone wastes have little or no hazardous contamination. These materials can be used as possible core, embankment fill, or filter material. The engineering properties of many waste materials are often comparable to or better than traditional materials. Slags have good friction properties due to their angularity and roughness and typically have high density. Mine wastes sometimes have poor weathering characteristics, but are usually inert and have satisfactory grading for deep fills. The fine materials such as fly ashes and ground slags are already in general use as cement replacement and fillers. Good quality control, not only for limiting the potential for toxic hazard, but also of the mechanical properties of waste materials can considerably increase the use of such low-cost materials in appropriately designed coastal and bank protection structures.
Geosynthetics and geosystems
Geosynthetics are relatively a new type of construction material, which has gained huge popularity especially in geotechnical engineering and as component for filter structures. There are a large number of types and properties of geosynthetics, which can be tailored to the project requirements.
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Geosynthetics have already transformed geotechnical engineering to the point that it is no longer possible to do geotechnical engineering without geosynthetics; they are used for drainage, reinforcement of embankments, reduction of settlement, temporary erosion control, and hazardous waste containment facilities. Of late, they are very often used in land reclamation along the shores.
When geosynthetic materials or products are applied in civil engineering, they are intended to perform particular functions for a minimum expected time, called the design life. Therefore, the most common (and reasonable) question when applying geosynthetics is "what is the expected/guaranteed lifespan of these materials and products." There is no straight answer to this question. Actually, it is still a matter of "to believe or not to believe." Both the experimental theory and practice cannot answer this question yet. However, the Dutch evaluation of the long-term performance of the older applications of geotextiles (dating back to 1968) has proved that the hydraulic functioning was still satisfactory. A similar conclusion has been drawn from evaluation of the long-term performance of nonwoven geotextiles from five coastal and bank-protection projects in USA.
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The technology of geosynthetics has improved considerably over the years. Therefore, one may expect that with all the modern additives and UV stabilizers, the quality of geosynthetics is (or can be, on request) much higher than in the 1960s. Therefore, for the "unbelievers" among us, the answer about the guaranteed design life of geosynthetics can be at least 50 years. For "believers," one may assume about 100 years or more for buried or underwater applications. These intriguing questions on the lifespan of geosynthetics are the subject of various studies and the development of various test methods all over the world. Also, the international agencies related to normalization and standardization (CEN, ISO, ASTM) are very active in this field.
In recent years, traditional forms of river and coastal works and structures have become very expensive to build and maintain. Various structures and systems can be of use in hydraulic and coastal engineering, from traditional rubble and/or concrete systems to more novel materials and systems such as geotextiles/geosynthetics, natural (geo)textiles, gabions, waste materials, etc. The shortage of natural rock in certain geographical regions can also be a reason for turning to other materials and systems. This all has prompted a demand for cheaper, less massive, and more environmentally acceptable engineering. However, besides the standard application in filter constructions, the application of geosynthetics and geosystems in hydraulic and coastal engineering still has a very incidental character, and it is usually not treated as a serious alternative to the conventional solutions. That was the main reason for this author to write about the state-of-theart application of geosynthetics and geosystems in hydraulic and coastal engineering.
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These new (geo)systems (geomattresses, geobags, geotubes, seaweed, geocurtains, and screens) were applied successfully in a number of countries and they deserve to be applied on a larger scale. Recently, geocontainers filled with dredged material have been used in dikes and breakwaters in a number of projects around the world, and their use in this field is growing very fast.
The main obstacle in their application, however, is the lack of proper design criteria (in comparison with rock, concrete units, etc.). In the past, the design of these systems was mostly based on rather vague experience than on the general valid calculation methods. More research, especially concerning the large-scale tests and the evaluation of the performance of projects already completed, is still needed. In Pilarczyk, 30 an overview is given of the existing geotextile systems, their design methods (if available), and their applications. Where possible, some comparison with traditional materials and/or systems is presented. The recent research on some of these systems has provided better insight into the design and applications.
Conclusions
Large projects (likes Delta Works) usually need some specific solutions. It stimulates new research and innovation, which contribute strongly to new developments in hydraulic and coastal engineering.
The emphasis on research and innovation during the Delta Project was not restricted to only government agencies. Private enterprises, including the offshore and dredging industry, was challenged and sometimes urged to participate in this process. As such, the Delta Project has contributed significantly to the evolution of the hydraulic and coastal engineering profession in general and the offshore and dredging industry in particular, from a vocational profession into a modern science-based industry. With so much emphasis on innovation, there must have been a tremendous spin-off. At present, it is often difficult to recognize the origin of present-day working methods but many of them originate from this project.
The Delta Project was originally designed in a period when awareness of the environment and the ecological effects of civil engineering works scarcely existed. Moreover, the decision to carry out the project was taken in an emotional context immediately after a major disaster that took 1,800 lives. It is therefore not surprising that during the execution of the project priorities changed. The growing level of prosperity and the growing attention for the quality of life strengthened the concern for the environment.
6,8
Knowhow and technology transfer is an important ingredient in the sustainable development of nations. Technology transfer is sustainable when it is able to deliver an appropriate level of benefits for an extended period of time, after major financial, managerial, and technical assistance from an external partner is terminated. Apart from clearly identified objectives for technology transfer projects, proper project design and wellmanaged project execution, essential factors conditioning the survival of projects include: policy environment in recipient institution/country, appropriateness of technology, and management organizational capacity.
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Dutch coastal and hydraulic engineers believe that the knowledge and expertise they gained in the 30 years it took to complete the Delta Project should also benefit other countries in addition to the Netherlands. Therefore this new knowledge is relatively well documented (see references) and implemented in the scope of various international projects. Projects in South Korea, Bangladesh, Bahrain, and more recently New Orleans are examples and evidence of that effort.
There are a large number of hydraulic and coastal structures. For some of them, workable design criteria have been developed in recent years within the scope of Delta Works and further improved in the scope of international research and projects (closure dams/techniques, rubble-mound breakwaters, riprap, block revetments, filter structures, scour and bottom protection, geosystems, etc.). However, many of these criteria, formulae, and techniques are still not quite satisfactory, mainly because they lack physical background, which makes their extrapolation beyond the present range of experience rather risky. To solve this problem, it will be necessary to continue physical model experiments (on scale and in prototype) to develop, validate, and calibrate new theories.
Research on hydraulic and coastal structures should benefit from more cooperation among researchers and the associated institutions. Publishing basic information and systematic (international) monitoring of completed projects (including failure cases) and evaluation of the prototype and laboratory data may provide useful information for verification purposes and further improvement of design methods. Inventory, evaluation, and dissemination of existing knowledge and future needs, and creating a worldwide accessible data bank are urgent future needs and some actions in this direction should be undertaken by international organizations involved. Adjustment of the present education system as a part of capacity building for solving future problems should also be recognized as one of the new challenges in hydraulic and coastal engineering. Finally, there is a continuous development in the field of hydraulic and coastal engineering, and there is always a certain time gap between new developments (products and design criteria) and publishing them in manuals or professional books. Therefore, it is recommended to follow professional literature on this subject for updating the present knowledge and/or exchanging new ideas.
In the light of above mentioned, the Delta Works can be seen as a good example of integration of research and practice in solving practical problems in an integrated way, but also in documentation and translation of this new knowledge into the Design Manuals, and dissemination of this knowledge to the international hydraulic and coastal society. Looking back 50 years, it is clear the Delta Project has certainly been very effective in reducing the risk of inundation. With the growing concern about the rise in sea level, this aspect is gaining emphasis. Also, the side effects of the project have been positive for the economic and social development of the region, including the opportunities for tourism and recreation. It is perhaps some small solace to those who lived through the disaster and grief of the storm flood of 1953, that without it and the Delta Project as its logical consequence, hydraulic engineering and dredging would not have advanced as dramatically as they have, preventing similar disasters since and providing us with solutions for the impending problems of the 21st century.
